Intrinsic short hole diffusion length is a well-known problem for α-Fe 2 O 3 as a visible-light photocatalytic material. In this paper, a nanodisk morphology was designed to remarkably enhance separation of electron-hole pairs of α-Fe 2 O 3 . As expected, α-Fe 2 O 3 nanodisks presented superior photocatalytic activity toward methylene blue degradation: more than 90% of the dye could be photodegraded within 30 min in comparison with a degradation efficiency of 50% for conventional Fe 2 O 3 powder. The unique multilayer structure is thought to play a key role in the remarkably improved photocatalytic performance. Further experiments involving mechanism investigations revealed that instead of high surface area, ·OH plays a crucial role in methylene blue degradation and that O ·2− may also contribute effectively to the degradation process. This paper demonstrates a facile and energysaving route to fabricating homogenous α-Fe 2 O 3 nanodisks with superior photocatalytic activity that is suitable for the treatment of contaminated water and that meets the requirement of mass production.
Introduction
Environmental problems are caused mostly by the arbitrary disposal of waste and toxic pollutants without proper treatment. Increasingly severe water pollution is especially harmful to human health. To address this issue, a number of processes have been adopted to remove pollutants from wastewater, including adsorption, flocculation, oxidation, and reduction. Among these methods, photocatalysis, a green technology, shows great potential for the elimination of organic pollutants from wastewater. It has been reported that a number of semiconductors can degrade a variety of organic pollutants under the irradiation of light of different wavelengths [1] [2] [3] [4] [5] [6] . For example, TiO 2 , with a bandgap of ∼3.2 eV, is well recognized as a perfect UV photocatalyst [7] . However, the lack of response to visible light limits its application. Consequently, reduction of the TiO 2 bandgap has attracted much attention recently [8] [9] [10] [11] [12] [13] . Nevertheless, considering the fact that visible light accounts for 46% of the solar energy, it is preferable to develop a semiconductor that shows response in the visible-light region. Thanks to the untiring efforts of researchers, various kinds of visible light-driven photocatalysts have been developed, and many of them exhibit good photodegradation ability with respect to different organic pollutants [14, 15] . But most of these photocatalysts need a complicated and strict synthesis process, which incurs a high synthesis cost. Some of them are not so stable under ambient conditions. All these negative aspects make them far from practical applications.
Hematite (α-Fe 2 O 3 ), which is the most stable iron oxide under ambient conditions, can absorb visible light since it has a narrow bandgap (E g = 2.1 eV). This makes it a potential competitive candidate for a visible light-driven photocatalyst [16] . However, because of its intrinsic short hole diffusion length (2-4 nm) [17, 18] , the photogenerated electron-hole pairs in α-Fe 2 O 3 can recombine easily. In view of enhancing the separation of the electron-hole pairs, a number of nanostructures, such as rods [19] , cubes [20] , sheets [21] , plates [22] , flowers [23] , and rings [24] , have been fabricated by various methods, including sol-gel, solvothermal, hydrothermal, and microwave-assisted methods. Among these methods, microwave-assisted chemistry is a promising technique which is based on the interactions between electric dipoles in dielectric materials, liquids, or solid materials and an applied electromagnetic field [25] . Due to shorter processing time, rapid heating, and the formation of homogeneous products, the reaction time and energy cost can be reduced significantly [26, 27] . Moreover, a microwave system that was recently designed can control exact on-line determination of the reaction temperature and pressure inside a reaction vessel, which is not achieved through traditional methods. All these attractive features lead to a growing interest in such a novel microwave-assisted processing method.
Thus a nanodisk morphology was designed to improve the generation and separation of electron-hole pairs in α-Fe 2 O 3 for enhanced photocatalytic performance. Uniform α-Fe 2 O 3 nanodisks were successfully prepared by a microwaveassisted hydrothermal method. By taking advantage of microwave assistance, the synthesis time was greatly reduced to 15 min. In addition, with the unique multilayer structure, superior photocatalytic degradation of methylene blue (MB) under visible light was obtained. Furthermore, the mechanism of photodegradation was investigated profoundly. Through the help of powerful scavengers, hydroxyl radicals (·OH) were found to be the main active species in the α-Fe 2 O 3 nanodisk degradation system, and superoxide radical anions (O ·2− ) are also thought to contribute to the degradation process. This paper highlights the promising application of α-Fe 2 O 3 nanodisks in pollutant elimination via a rapid and green microwave-assisted synthesis method.
Experimental details

Preparation of Fe 2 O 3 nanodisk
All the chemicals were analytical grade and were used without further purification. The synthesis process is described as follows. Briefly, 121.7 mg of FeCl 3 and 106.6 mg of Na 2 SiO 3 · 9H 2 O were dissolved in 30 mL and 20 mL of deionized water (DW), respectively. Then the solutions were mixed and sonicated for 10 min to form a transparent orange solution. After that, the homogeneous mixture was transferred into a 100 mL Teflon-lined double-walled digestion vessel and treated at a controllable temperature (140°C, 160°C, 180°C, and 200°C) for 30 min in a microwave digestion system (MDS-6G, Shanghai Sineo Microwave Chemistry Technology Co., Ltd). After the vessel was taken out and cooled to room temperature, the product was collected by centrifugation and rinsed with DW and absolute ethanol several times. Finally, samples were dried overnight in an oven at 80°C [28] . In addition, the effects of microwave irradiation time and additional annealing treatment were investigated in this study, as listed in table S1 (Supporting Information).
Characterization
Powder x-ray diffraction (XRD) patterns were recorded on a BRUKER D2 PHASER diffractometer, which was equipped with CuK α irradiation (λ = 1.541 84 Å) and operated at 10 mA and 30 kV. X-ray photoelectron spectroscopy (XPS) data were obtained with an ESCALAB 220i-XL electron spectrometer from VG Scientific using AlK α irradiation. The morphology was investigated by environmental scanning electron microscope (ESEM, FEI/Philips XL30), transmission electron microscope (TEM, FEI/Philips Tecnai 12 Bio TWIN), and high-resolution transmission electron microscope (HR-TEM, Jeol 2010). UV/vis spectra of aqueous samples were recorded on a Dynamica HALO DB 20 spectrophotometer. UV/vis diffuse reflectance spectra (DRS) of solid samples were recorded on a Shimadzu UV-3600 UV-vis-NIR spectrophotometer equipped with an integrating sphere attachment. BaSO 4 was used as the background, and the range was 300-800 nm as determined by the DRS scan. Fluorescence spectra were recorded on a VARIAN CARY Eclipse fluorescence spectrophotometer. N 2 adsorption/desorption isotherms at 77 K were measured by using an adsorption instrument (TriStar 3000) to evaluate the pore structures and surface area. Electrochemical impedance spectroscopy (EIS) measurements were performed on a CHI 760e electrochemical workstation (CH Instruments Company) with a conventional three-electrode system (Fe 2 O 3 as the working electrode, Pt as the counter electrode, and Ag/AgCl as the reference electrode) in 1 M KOH. The details of the EIS measurements are included in the supporting information (available at stacks.iop.org/STAM/16/014801/mmedia).
Photocatalysis experiments
MB, which is a common organic pollutant resulting from industrial production of dyes, is adopted in this study to evaluate the photocatalytic activities of commercial (Alfa Aesar, analytical grade, as a reference) and as-synthesized α-Fe 2 O 3 samples. Visible light-driven photodegradation tests were conducted in a 100 mL customized vessel surrounded by a circulating water jacket and maintained at 23-26°C under ambient conditions. A 300 W Xe lamp equipped with a 420 nm low-pass filter was used as the illuminating source. This was positioned 10 cm away from the liquid level of the MB aqueous solution, providing a light intensity of ∼3.77 mW cm −2 . During the photodegradation experiments, the sample (10 mg) was dispersed in MB aqueous solution (50 mL) of different concentrations (10-40 ppm) and sonicated for 3 min. Prior to irradiation, the suspension was magnetically stirred in the dark for 60 min to establish an adsorption-desorption equilibrium. Then the solution was exposed to visible light by continuous stirring. After the lamp became stable, a fixed amount of H 2 O 2 solution (0.255 mL, 30 wt%), acting as the electron capture agent, was added into the MB solution. At regular time intervals, an aliquot of 1.5 mL was sampled and centrifuged to measure the concentration of MB by means of the UV/vis spectrometer at the characteristic wavelength of 664 nm.
Detection of hydroxyl radicals
A series of tests were conducted to probe the active species responsible for the photodegradation of MB in the reaction system. ·OH was believed to be one of the important active species during the photodegradation process [29] . As a result, terephthalic acid (TA) was used as a fluorescence probe to detect the ·OH in this study because the TA would easily react with the ·OH and form 2-hydroxyterephthalic acid, a highly fluorescent product. The concentration of TA solution was 0.5 mM in a 2.0 mM NaOH aqueous solution. Under this experimental condition, the hydroxylation reaction process in this system was attributed mainly to ·OH radicals [30] . The setup for the illuminating system and sampling intervals was similar to that for the photodegradation experiments. After sampling, the liquid sample was filtered through a 0.45 μm membrane and analyzed by a fluorescence spectrophotometer. When excited by a wavelength of 315 nm, 2-hydroxyterephthalic acid, the product of TA hydroxylation, exhibited a peak at a wavelength of about 425 nm. Note that considering the rapid generation of ·OH in the system, fluorescence detection of ·OH should be undertaken immediately. At the same time, methanol (V(CH 3 OH/H 2 O) = 1:4) was used as a powerful scavenger of ·OH to ascertain the existence of other active species [31] . The other experimental conditions were the same as the photodegradation experiments.
Results and discussion
Structural properties
The XRD patterns of commercial and synthesized apparent. Moreover, compared with the 200°C sample, the (104) peak is slightly shifted and the (113) peak is missing in the 180°C sample, suggesting that better crystallinity could be achieved at a higher temperature. According to the wellknown Scherrer equation, the average crystallite sizes of 140°C, 180°C, and 200°C were estimated to be 56 nm, 47 nm, and 68 nm, respectively (calculated with the main reflection peak at 2θ = 26.734°for the 140°C sample, 33.0377°for the 180°C sample, and 33.0522°for the 200°C sample; table 1). In order to make a comparison, the particle size of commercial Fe 2 O 3 was also calculated.
Application of microwaves significantly accelerated the rates of reaction [32] and crystallization [33] as compared with traditional hydrothermal methods. Figure 1(b) shows XRD patterns of α-Fe 2 O 3 nanoparticles microwave-treated at 200°C for 15, 30, and 60 min. The synthesis time did not significantly affect crystallinity and particle size (table 1) . Since no obvious difference could be determined by the XRD analysis after 15 min synthesis, it is suggested that the reaction and crystallization process can be accomplished in an extremely short time, whereas the traditional hydrothermal method requires dozens of hours. Without question, efficiency can be greatly improved.
Annealing treatment is generally believed to improve crystallinity and is therefore usually carried out after the hydrothermal process. As shown in this study, with an additional annealing treatment, the crystallinity of α-Fe 2 O 3 is greatly improved (figure S1(a), supporting information), with a size distribution around 68 to 79 nm, indicating more uniform crystallization and lower defect concentration than in asgrown samples.
Even though silicate anions are used in the precursor solution, no diffraction peaks of Si oxide could be observed in any of the XRD patterns due to the small residue of silicate anions in the α-Fe 2 O 3 . As examined by XPS, evidence of the existence of Si was obtained, as shown in figure 2(b) . Si 2s and Si 2p peaks could be observed in the sample, with a lower binding energy compared with SiO 2 , indicating the oxygen bridge between Si and Fe atoms, which is consistent with previous reports [28, 34] . The Fe 2p spectrum (figure 2(c)) exhibits the typical 2p 1/2 and 2p 3/2 peaks of Fe 3+ at 724.4 eV and 710.8 eV, with characteristic satellite peaks at 718.8 eV and 732.5 eV [24, 35, 36] . Moreover, the O 1s core levels show dominant oxide peaks at around 531.11 eV, inconsistent with the O 2− state [36] . Therefore, it is confirmed that the sample is pure α-Fe 2 O 3 with some Si atoms acting as the oxygen bridges. It is reported that Si [37] , Ti [38] , Mo [39] , Cr [39] , and Sn [40] can improve electron-hole separation. With the residual Si in α-Fe 2 O 3 , it is reasonable to expect a better photocatalytic performance in dye degradation. Generally, there should be an optimum amount of Si to achieve the best performance. In accordance with this, research into delicate control of the Si in nanodisks is under way.
Morphology
The morphology of α-Fe 2 O 3 synthesized at different temperatures in an aqueous medium of anhydrous iron chloride and sodium silicate additive shows a series of distinct structures: nanospindle, amorphous nanoparticle, pseudo-multilayer nanodisk, and highly symmetrical multilayered nanodisk, as shown in figures 3(a)-(h) . Interestingly, the various structures are in line with the corresponding XRD patterns, demonstrating a transformation that evolves with increasing synthesis temperature: from crystalline to amorphous and then to crystalline again. Dramatically, the corresponding TEM image of amorphous nanoparticles ( figure 3(d) ) shows a pseudo-spindle shape with a blunt tip, indicating that at this temperature range Ostwald ripening plays the key role in nucleation instead of oriented attachment [41, 42] , which might be the main reason for the amorphous structure.
Once the synthesis temperature is higher than 180°C, α-Fe 2 O 3 samples transform into multilayer nanodisk shapes (figures 3(e)-(h)). Meanwhile, the nanodisk becomes more uniform. This is mainly owing to the advantages of the microwave-assisted method: homogenous heating without a temperature gradient and rapid nucleation with a uniform structure [33] . Figure 3 (h) shows a typical TEM image of the multilayer structure in a nanodisk. It can be clearly seen that each nanodisk, with a relatively rough surface, has a diameter around 100 nm and a thickness around 60 nm. Moreover, a layer structure (6 to 10 layers) can be observed in the nanodisk. The proposed mechanism of the nanodisk formation process is illustrated in scheme 1 of the supporting information. First, with the aid of microwaves, the crystallization of nanoparticles completes rapidly. Subsequently, with continuous microwave-assisted heating, the nanoparticles selfassemble into multilayered nanodisks.
The morphology of α-Fe 2 O 3 nanodisks synthesized with microwave irradiation for 15, 30, and 60 min is shown in figures 4(a)-(k). All nanodisks exhibit round shapes with a diameter of approximately 100 nm (figures 4(a), (d), and (g)) and multilayer structures with a thickness of approximately 60 nm (figures 4(c), (f), and (i)). These results agree with the particle size calculated from the XRD patterns. Figure 4(j) is the HRTEM image acquired from the top view of a single α-Fe 2 O 3 nanodisk. The lattice fringes are aligned perfectly across the surface with a spacing of 0.25 nm corresponding to the (110) planes, confirming the highly crystalline α-Fe 2 O 3 . It is worth noting that each adjacent layer of the nanodisks is around 6 nm, as shown in the HRTEM side-view image ( figure 4(k) ). It is expected that this special multilayered structure would be favorable for the separation of excited electron-hole pairs since the thickness is close to the intrinsic diffusion length (2-4 nm) . Therefore, the photodegradation performance is enhanced.
The morphology of a α-Fe 2 O 3 nanodisk with an additional annealing treatment (400°C, 450°C, and 500°C) is shown in figures S1(b)-(d) (Supporting Information). Even though the nanodisks have good uniformity, they tend to aggregate as a globular shape, which is probably the reason for the poor photodegradation performance (figure S2, supporting information).
Photocatalytic activity
As revealed in the SEM and TEM images, the morphology changes with increasing synthesis temperature. Since absorption and electron transfer depend greatly on the surface structure of a nanocrystal, it is expected that the nanocrystals prepared at different temperatures should present different photocatalytic activities. Figure 5(a) shows the photocatalytic activities of samples with different synthesis temperatures. The degradation efficiency is defined as c/c 0 , where c 0 and c are the initial (after equilibrium adsorption) and reaction concentrations, respectively, of MB at a specific time. It can be seen that, compared with the blank experiment (without addition of α-Fe 2 O 3 photocatalyst but only H 2 O 2 ), the assynthesized and commercial samples show much better photocatalytic activities. Moreover, it is found that among all the samples, the 200°C synthesized α-Fe 2 O 3 nanodisk shows superior photocatalytic activity: more than 90% of MB can be degraded in 30 min, whereas the degradation efficiency of the commercial sample is only 50%. The reaction rate constant k of the as-synthesized and commercial samples is shown in figure 5(b) [23, 28] . of the samples collected at various time intervals for the concentration of 20 ppm are shown in figure 5(d) . It is clearly shown that after 20 min of irradiation the main absorbance of MB at 664 nm decreases dramatically, indicating that the degradation efficiency does not obviously decrease. However, once the concentration increases to 40 ppm, it is apparent that the degradation efficiency decreases; this can be elucidated as follows: (1) if dye concentration increases continuously, the dye molecules will increase, which will shield part of the visible light and make it difficult to trigger the photocatalyst; (2) the reaction sites of the photocatalyst will also be covered by the excess dye molecules, leading to a reduction in the produced hydroxyl radicals [23, 31] .
As previously mentioned, a longer microwave irradiation time will not obviously improve morphology and crystallinity. Therefore, it is reasonable to anticipate similar photocatalytic activities in the samples synthesized for different durations. Indeed, figures 5(e) and (f) show similar photocatalytic efficiencies and reaction constants. However, the photocatalytic activities of the annealed samples decrease significantly ( figure S2, supporting information) , even though they possess better crystallinity and uniform morphology. As mentioned, aggregation occurred during the annealing treatment, resulting in a decrease in active reaction sites, which is the main reason for this phenomenon. The high photocatalytic activity is first attributed to the large absorption range of light, which is crucial for good photocatalytic activity, especially for visible-light degradation. Figure 6 shows the UV/Vis DRS of the microwave-synthesized samples and the commercial sample. As shown in figure 6(a) , there is a clear red shift of about 10-30 nm in the absorption edge of the microwavesynthesized samples (180°C and 200°C) compared with the commercial samples, which is attributed to the multilayer plate structure [43] . The curves of (F(R)hν) 2 versus (hv) for the samples are also plotted in the inset of figure 6(a) . Through extrapolation of the linear portions of these curves to F(R) = 0, the E g values of the commercial and microwave samples are obtained and shown in table 1. It is obvious that the E g of the microwave-synthesized samples is smaller than that of the commercial sample. As a result of a smaller E g , an extended photoresponse range of approximately 640-670 nm could be achieved, leading to more efficient utilization of the solar spectrum. Thus, the microwave-synthesized samples show significant improvement in MB degradation in the visible-light region. For samples synthesized within 15, 30, and 60 min, the UV/Vis DRS and E g are similar (figure 6(b) and table 1), indicating that the photocatalytic activities of the samples should be similar. This inference can be confirmed by the MB degradation results (figures 5(e) and (f)). Furthermore, the similarity indicates that these three samples should have almost the same size and structure, which is in good agreement with the SEM and TEM results shown in figures 4(a)-(j).
As mentioned earlier, after annealing treatment, the α-Fe 2 O 3 nanodisks tend to aggregate spontaneously, which should be one of the reasons for the poor photocatalytic performance. In addition, as shown in the inset of figure S3 (supporting information), the E g of the annealed samples increases up to 2.05 eV, resulting in lower absorption of visible light, which should be another reason for lower photocatalytic activity.
3.4.2. Efficient electron-hole separation. The N 2 adsorption/ desorption isotherm of the samples exhibits a representative type IV isotherm with pore sizes around 3 nm, as shown in figure 7 and table 1. It is reasonable to attribute the high photocatalytic activity to enhanced adsorption brought about by the high S BET . However, through the results of this study, adsorption can be excluded as the main mechanism during MB degradation due to the unobvious change in MB concentration after the 60 min dark adsorption process. The S BET of the nanodisk is calculated to be 28.85 m 2 g −1 , which is the smallest among the as-synthesized samples (table 1) . Despite this, the nanodisk shows the highest photocatalytic activity ( figure 5(a) ), demonstrating that key factors other than adsorption are contributing to the enhanced photocatalytic activity.
Because of the intrinsic short hole diffusion length (2-4 nm) [17, 18] , photogenerated electron-hole pairs in α-Fe 2 O 3 cannot be easily separated, resulting in an unsatisfied photocatalytic performance in some samples (140°C, 160°C, 180°C, and commercial). However, the α-Fe 2 O 3 nanodisk is combined with a few nanoplates with a thickness around 3-6 nm (figure 4). As a result of the thin-layered structure, electron-hole pairs can separate and participate in the photooxidation process on the surface more effectively. To further confirm the effective separation of electron-hole pairs in the α-Fe 2 O 3 nanodisk, EIS was conducted, as shown in figure 8 . Only one semicircle was observed on the EIS plane, suggesting that the photocatalytic reaction involved only the surface charge-transfer process. The semicircle radius of the α-Fe 2 O 3 nanodisk electrode is much smaller than that of the commercial sample, indicating a decrease in the solid-state interface layer resistance. This leads to a higher transfer rate of the electron-hole pairs [44] . As a result, aggregation of the electrons is alleviated, thus reducing their recombination rate. The separation and transmission of electron-hole pairs should be improved, which is crucial to photocatalytic performance [45] . Furthermore, the residual Si as dopant may also improve the photoelectrolysis and electrical properties [37] , another potential factor in high photocatalytic activity. Therefore, an α-Fe 2 O 3 nanodisk with a thin-layer structure presents high photocatalytic activity.
3.4.3. Effect of scavenger agents and investigation on active species. In the presence of H 2 O 2 , the electrons generated by α-Fe 2 O 3 can be trapped easily and form ·OH radicals, which can enhance photocatalytic activity remarkably [46] [47] [48] . This can be understood by the following equations: 
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In addition, the generated electrons can also be trapped by the surface of Fe 3+ and form Fenton's reagent [49, 50] . The reactions are described in the following equations:
3 cb 2 The ·OH radicals formed in equations (2) and (5) are the triggers of photocatalytic reaction, which promotes the degradation of MB, as shown in equation (3) .
Due to its unique multilayered structure, electron-hole pairs can separate in an α-Fe 2 O 3 nanodisk more effectively. As a result, enhanced production of ·OH radicals can be expected. As shown in figure 9 (a), after 10 min irradiation, the fluorescence intensity of the 200/15 sample obviously increases, indicating increased production of ·OH radicals in the system. In addition, the fluorescence intensity of the ·OH radicals increases with irradiation time, which is consistent with the photocatalytic activity shown in figure 5(d) . The fluorescence spectra of other as-synthesized samples are shown in figure 9(b) . The order of the ·OH radicals produced is found to be 200/30 > 180/30 ≈ commercial > blank > 160/ 30, which seems contradictory to the photodegradation results ( figure 5(a) ). However, recent studies have pointed out that the role of ·OH radicals in photodegradation is probably overestimated [29, [51] [52] [53] [54] in terms of other active oxygen species might also be generated during the irradiation process and contribute to photocatalytic degradation. The generation of other active oxygen species might be the reason for this strange phenomenon. In addition, the number of ·OH radicals produced performed a zero-order kinetic model according to a previous study [55] . However, as shown in figure 9(b) , the production of ·OH radicals fits with rather a second-order kinetic model as opposed to zero order in this study. Therefore, it is reasonable to assert that other oxygen species might also contribute to dye degradation. Figure 10 shows that when methanol is put into the degradation system, a significant decrease in MB degradation occurs in both the blank and the 200/15 sample, indicating that ·OH radicals should be the main oxidizing agent. However, the 200/15 sample still shows better photocatalytic degradation (∼25%) than the blank sample with the existence of a scavenger. Thus other active oxygen species must be produced during the photocatalytic reaction. O ·2− is usually reported to be one of the probable oxidizing agents, and its formation and photocatalytic reaction are demonstrated in equations (6) and (7): 
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From these equations, it is clear that the adsorbed O 2 will capture the photogenerated electrons and form O ·2− , which can degrade dye directly. Moreover, O ·2− can also react with the photogenerated holes and then form active ·OH radicals and peroxides. Or it can react with the scavengers and form organic peroxides. The reactions are demonstrated in equations (8) and (9): 
